Cancer vaccines used to generate specific cytotoxic T lymphocytes are not effective against tumor cells that have lost or suppressed expression of their class I major histocompatibility complex proteins. This loss is common in some cancers and particularly in metastatic lesions. We show that ␤ 2 -microglobulin-deficient class I-negative melanoma variants derived from patients undergoing specific T cell therapy are lysed by heterologous as well as autologous natural killer (NK) lines and clones, but not by specific T cells. Moreover, the minor NK cell fraction but not the major T cell fraction derived from heterologous lymphokine activated killer cells kills those tumor cell lines. ICAM-1 expression by the different class I protein deficient tumors was correlated with their sensitivity to lysis by NK cells. Adoptive autologous NK therapy may be an important supplement to consider in the design of new cancer immunotherapies.
In the last decade, the field of cancer immunotherapy based on tumor-specific vaccines and antitumor-specific cytotoxic T lymphocytes (CTL) has advanced rapidly (reviewed in refs. 1-3). However, whether adoptive therapy with T cells or peptide-based vaccines to generate T cells is employed, the obstacle of major histocompatibility complex (MHC)-negative tumor variants still poses a problem for current experimental protocols in cancer therapy. Partial or complete loss of class I MHC molecules has been observed for numerous human and murine lines derived from solid tumors (reviewed in refs. [4] [5] [6] [7] . Also, frequent MHCloss or suppression is observed in fresh tumor specimens taken from patients. For human melanomas, 16% and 58% of primary and metastatic lesions, respectively, are not stained by mAbs to monomorphic determinants of class I antigens (8, 9) . The higher frequency of loss of class I antigens in metastases compared with loss in primary lesions is not unique to malignant melanoma since it has also been described in carcinomas. Of 44 human primary carcinomas and synchronous metastases from the same patients that were analyzed (10) , 75% of the metastatic lesions were class I-negative compared with just 16% of the primary lesions. This difference can be interpreted as a partial success of the patient's immune system. T cells specific for tumor-associated peptide epitopes presented by class I MHC protein, eradicated class I-positive metastasizing tumor cells, thus causing class I-negative mutant cells in the primary lesions to be selected for metastasis more frequently. In accordance, a cancer vaccine based solely on specific T cell therapy might drive the constantly changing tumor population to evolve into class I-negative secondary lesions.
In support of this hypothesis recent data have shown that, of 13 tumor lines derived from different melanoma patients, five lines lost functional ␤ 2 -microglobulin (␤ 2 m) expression (11) . Staining of lesion sections from which these 5 lines were derived confirmed the ␤ 2 m-deficient phenotype of the tumor cells. However, archival tumor sections obtained from patients prior to immunotherapy were available for 3 patients and were found to be ␤ 2 m-positive. Needless to say, the ␤ 2 m-deficient lesions did not respond to further specific T cell therapy (11) .
Natural killer (NK) cells have long been known to have the ability to lyse class I-negative cells in vitro (reviewed in refs. [12] [13] [14] . NK cell activity is regulated by a family of NK inhibitory receptors (NKIR) expressed by NK cells. Recognition of an appropriate class I MHC specificity by a NKIR generates a lysis-inhibitory signal; each NKIR recognizes a subgroup of class I alleles (reviewed in refs. [15] [16] [17] [18] . Therefore, class I-negative tumor cells are susceptible to lysis by NK cells. In vivo, NK cell activity has been shown to drive several immune responses. NK cells in F1 MHC-heterozygous mice are involved in the rejection of marrow transplants from both homozygous parental mice, a phenomenon named ''hybrid resistance'' (19) . Rejection of ␤ 2 mdeficient marrow transplants by MHC-matched mice is also driven by NK cells (20) . NK cells have a major contribution, in addition to CD8ϩ CTL, in the eradication of established metastases of the low class I-expressing murine melanoma B16 (21) . Autologous tumor killing activity by blood lymphocytes, driven partially by NK cells, is correlated with the disease-free interval and total survival of operated cancer patients (reviewed in ref. 14) . Therefore, NK cells have been long considered as an option for cancer therapy particularly for patients bearing class Isuppressed cancers. However, no studies of autologous NK lines as a potential tool for treatment of such patients have been reported.
In this study we demonstrate that ␤ 2 m-deficient melanoma variants are lysed by different NK lines and clones expressing different NKIR, while human leukocyte antigen (HLA)-positive melanoma lines are lysed selectively based on interactions of their HLA alleles with the NKIR. Lymphokineactivated killer (LAK) cells, or T cells purified from these LAK, did not lyse well two-thirds of ␤ 2 m-deficient lines or the HLA-positive melanoma line. However, the minor population of NK cells isolated from LAK efficiently lysed these lines. We further show that NK lines are potent killers of autologous ␤ 2 m-negative melanomas, but not of autologous fibroblasts. Adoptive NK therapy as part of a combined cancer immunotherapy approach to cancer is discussed.
METHODS
Tumor Cell Lines. Melanoma cell lines (1074 mel, 1106 mel, 1259 mel, and 1190 mel) were established from patients 1074, 1108, 1259, and 1190, respectively (11) . Tumor cells were maintained as monolayer cultures. LB33MEL.A1 and
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
LB33MEL.B1 are melanoma lines derived from patient LB33 (23) . Daudi (a ␤ 2 m-negative B cell line derived from a patient with Burkitt's lymphoma) and 721.221 (a MHC class I-negative human B cell line) are available from the American Type Culture Collection (ATCC). 721.221 transfected with cDNAs encoding HLA-Cw*0303, HLA-Cw*0401, HLA-Cw*0602, and HLA-Cw*0702 (named 721.221͞Cw3,͞Cw4,͞Cw6, and͞Cw7, respectively) were described (22) . All cell lines were maintained in complete medium containing RPMI 1640 and 10% heat inactivated fetal calf serum.
NK and LAK cells. NK lines and clones were obtained from peripheral blood lymphocyte as described (22) . Briefly, NK lines were generated by culture of peripheral blood mononuclear cells (PBMCs) with irradiated (6,000 rad) 721.221 cells (3:1 PBMC:721.221, 7.5 ϫ 10 5 PBMC͞ml) in RPMI 1640-10% AB human serum. After 5-6 days of culture, pure preparations of CD56 ϩ CD3 Ϫ cells were obtained by depletion of T cells with mAbs against CD3 (T3D, ATCC) and CD4 (OKT4, ATCC) and with a low-tox rabbit complement (Cedarlane Laboratories). Purity was confirmed by flow cytometry. These NK lines were cultured in the same medium supplemented with 100 units͞ml recombinant human interleukin 2 (rhuIL-2) (Boehringer Mannheim). NK clones were obtained by seeding NK lines at one or five cells per well in 96-well U-bottomed plates in RPMI 1640-10% fetal calf serum supplemented with 10% leukocyte conditioned medium (39) ]methioninelabeled targets at different effector-to-target cell ratios (E͞T) in U-bottomed microtiter plates. Assays were terminated by centrifugation at 1,000 rpm for 10 min at 4°C and 100 l of the supernatant collected for liquid scintillation counting. Specific lysis was calculated as follows % lysis ϭ (cpm experimental well Ϫ cpm spontaneous release)͞(cpm maximal release Ϫ cpm spontaneous release) ϫ 100. Spontaneous release was determined by incubation of the labeled target cells with medium. Maximal release was determined by solubilizing target cell in 0.1 M NaOH. In all presented experiments the spontaneous release was Ͻ25% of maximal release. Each experiment was repeated 3 times. Error was Ͻ5% of the mean of the triplicates. In experiments where NKIR-specific mAb was used to block MHC͞NKIR interaction, mAb was included in the medium to a final concentration of 2.5 g͞ml.
RESULTS
Melanoma cell lines 1074 mel, 1106 mel, and 1259 mel are ␤ 2 m-deficient based on negative staining with mAb W6͞32 (a reagent that detects HLA class I proteins folded with human ␤ 2 m) and no detection of ␤ 2 m protein in Western blots (11) . The staining profiles of these lines with mAbs against human ␤ 2 m (BBM.1), free HLA class I heavy chain (HC10), and HLA-C (L31) as well as with W6͞32 all overlapped the staining control histogram (Fig. 1, shown for 1074 mel) . Thus, 1074 mel, 1106 mel, and 1259 mel lack cell surface expression of class I heavy chain-␤ 2 m complexes, ␤ 2 m, or free class I heavy chain. None of these mAbs stained 1074 mel tumor cells, even when the cells were preincubated with exogenous human ␤ 2 m to mimic conditions of free ␤ 2 m in human serum (data not shown). Thus, no free class I heavy chains were stabilized by exogenous ␤ 2 m, a phenomenon observed for some class I MHC alleles. The cell line 1190 mel is a control HLA class I positive melanoma line that stained positively with all of the mAbs (Fig. 1) .
Lysis of Different Melanoma Lines by NK Lines and Clones. NK lines and clones were generated from healthy donors. Although NK lines contain heterologous NK cells, they can display HLA-allele specific inhibition of lysis. This specificity of NK lines is defined functionally: NK1-specific lines are inhibited by target cells expressing any HLA-C allele with Asn-77 and Lys-80 (e.g., Cw2, w4, w5, w6, recognized by NKIR1), whereas NK2-specific lines are inhibited by the expression of HLA-C alleles with Ser-77 and Asn-80 (e.g., Cw1, w3, w7, w8, recognized by NKIR2). Thus, both NK1-and NK2-specific lines will efficiently lyse 721.221 cells 
NK Lysis Sensitivity of Melanoma Lines Is Correlated to Their ICAM-1 Expression.
The melanoma line LB33MEL.A1 was derived from patient LB33 after surgery in 1988. LB33MEL.B1 was derived from a metastatic lesion removed from the same patient in 1990. LB33MEL.A1 cells express HLA-A24, A28, B13, B44, Cw6, and Cw7 while LB33MEL.B1 cells express only the HLA-A24 allele (23) . The HLA-Cw6 and Cw7 proteins expressed by LB33MEL.A1 should inhibit lysis by NK1 and NK2 lines, respectively. On the other hand, the HLA-C negative LB33MEL.B1 cells should be lysed by both NK lines. However, both LB33MEL.A1 and .B1 were poorly lysed by the NK1 and NK2 lines shown in Fig. 3 . A NKIR for which HLA-A24 is a FIG. 2 . Cytotoxicity of different NK clones against melanoma lines. NK clones were generated as described. NK clones are classified based on their NKIR1 and NKIR2 expression as determined by flow cytometry using the mAb EB6 (NKIR1) and GL183 (NKIR2) (22) . Different NK clones with the same classification manifested similar lysis patterns, and each lysis point is the average lysis of two NK clones from the same group. Clones were reacted with the indicated [ 35 ligand could be functionally expressed by these two NK lines, therefore inhibiting lysis of LB33MEL.B1. However, an alternative explanation is available.
Metastatic or invasive melanoma cells can express high levels of ICAM-1 (CD54) (24) . However, tumor cells expressing higher levels of ICAM-1 are better targets for specific CTL (25) . Is the different sensitivity of the above melanoma lines to lysis by NK cell also correlated with their ICAM-1 expression? Indeed, the most sensitive lines 1259 mel and 1190 mel were ICAM-1 high , as was the NK-sensitive line 721.221 (Fig. 4A) . The less sensitive 1074 mel and 1106 mel were ICAM-1 dull as were the LB33MEL.A1 and -.B1 lines. To further test the correlation, target tumor cells were incubated with anti-ICAM-1 mAb, washed, and exposed to different NK lines (Fig.  4B) Lysis of Melanoma Lines by LAK, T-LAK, and NK-LAK Cells. LAK cells were described as antitumor effectors generated by IL-2 treatment that can lyse nonspecifically transformed cells regardless of MHC expression (26) . The sensitivity of the melanoma lines to lysis by LAK and NK lines were therefore compared. LAK cells, generated from a healthy donor, did not lyse 1074 mel and lysed to a very low extent 1106 mel and the HLA positive 1190 mel (Fig. 5 ). (Fig. 2) . Lysis of Autologous Tumor Cells and Primary Fibroblasts by NK Lines. Peripheral blood NK activity could be significantly reduced in cancer patients, due to either a reduction in circulating NK cells or to a much higher proportion of NK cells with suppressed lytic activity (14, 29) . Thus, the potency of NK lines derived from patients 1,074 and 1,106 bearing ␤ 2 mdeficient tumor lesions was examined. The 1074NK and 1106NK lines, derived from frozen PBMCs, showed a normal pattern of growth and a potent lysis ability. They lysed both autologous and heterologous ␤ 2 m-deficient melanoma lines (Fig. 6 and data not shown) . Yet, autologous primary fibroblasts were not lysed by these NK lines (Fig. 6 ).
DISCUSSION
The central issue arising from this study is the need for a supplement of NK activity in antitumor immunotherapeutic protocols, particularly in those vaccine protocols inducing specific antitumor T cell reactivity and in patients bearing HLA class I-negative lesions. Since the primary tumor is usually removed surgically, these vaccines mostly aim to induce immune reactivity against metastatic lesions. However, class I expression is suppressed partially or completely in a high percentage of secondary lesions (8, 10) . Whether the class I-negative tumor cells evolved because of immunological or nonimmunological necessity, the immunological outcome is the same; CTLs directed against tumor peptide-class I MHC complexes will not lyse these tumor cells. Five of thirteen melanoma patients studied for class I expression of their cancer had class I-negative lesions due to the loss of ␤ 2 m expression (11) . Further specific T cell therapy did not affect those lesions. Class I-negative melanoma lines derived from the lesions were not lysed by different tumor specific CTLs, unless endogenous class I expression was reconstituted via transient transfection of ␤ 2 m-encoding gene (11) . Incubation with exogenous interferon-␥ did not restore the endogenous class I expression of these melanoma cells. Therefore, secretion of interferon-␥ and͞or other adhesion molecules for the efficient lysis of HLA class I-suppressed tumor cells by primary NK lines.
Previous experimental protocols aimed to strengthen the nonspecific antitumor activity of cancer patients involved adoptive transfer of LAK cells with infusion of rIL-2 (31, 32) . LAK cells, contain both T (CD3 ϩ ) and NK (CD56 ϩ CD3 Ϫ ) cells (27) . LAK cells generated from different healthy human donors contain 90-95% CD3ϩ T cells (33) , a range consistent with the present observations (Fig. 5 legend) . Thus, the number of CD56 ϩ CD3 Ϫ NK cells in LAK is 10% or less, reflecting the average ratio of CD3ϩ T and CD56 ϩ CD3 Ϫ NK cells in PBMC (28) and indicating that in vitro IL-2 treatment does not favor the proliferation of either T or NK cells. However, the NK lines or NK-LAK were much more potent killers of the ␤ 2 m-deficient melanoma cells than T-LAK (Figs. 3 and 5) . Unseparated LAK showed the same pattern of lysis as T-LAK; probably the low number of NK was insufficient to manifest their lytic activity. Other cell line targets have yielded similar data (27) . In pretreated cancer patients, the NK percentage varies from very low to higher than average (34) . Thus, a drawback of adoptive autologous LAK therapy, as compared with adoptive autologous NK therapy, is the presence of low-potency killer T cells in LAK cells cultured in vitro. This dilution results in an order of magnitude less active cells in the dosage inoculated into patients undergoing adoptive LAK therapy.
Infusion of high dose rIL-2 into cancer patients can result in a few-fold increase of the CD56 ϩ CD3 Ϫ NK cells in the PBMC, and these NK cells are potent (35) (36) (37) . However, the cell dose used for adoptive LAK therapy (Ϸ10 11 cells) (31) is one log higher than the total circulating NK cells, even after in vivo rIL-2 modulation. Moreover, adoptive LAK therapy in conjunction with high dose IL-2 infusion, compared with IL-2 infusion alone, suggested a trend toward increased survival of melanoma patients receiving the combined therapy (32) . High dose rIL-2 infusion might induce life-threatening toxicities; thus, current experimental protocols, particularly tumor antigen-specific vaccines, often do not include this rIL-2 infusion regimen. If a low dose rIL-2 protocol is used, then the small selective up-modulation of NK is still observed. However, these cells need further incubation with IL-2 in vitro to manifest potent lytic activity (36) . As the result, low dose or high dose rIL-2 infusions are not an optimal substitute for adoptive autologous NK therapy.
NK lines are quite easy to establish from PBMC, are stable for at least 3 months and can be frozen. Based on the protocol described in Methods, PBMC harvested from one buffy coat (Ϸ5 ϫ 10 8 cells) can be expanded within one month to 10 10 -10 11 pure NK cells, the range of LAK or tumorinfiltrating lymphocytes used for infusion (31, 38) . Loss of class I expression is a common phenotype within some cancers and specific T cell therapy might augment emergence of such cells. However, reinforcement with adoptively transferred autologous NK cells could prevent this outcome and, moreover, NK therapy could yield positive bystander effects for specific T cell therapy, i.e., activated NK cells are a major source of secreted interferon-␥ which enhances antigen processing and presentation by class I and II MHC molecules. Therefore, it might be useful to consider adoptive NK therapy as a supplement in the design of new cancer immunotherapies.
